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WITH BOUNDARY LAIER CONTROL*
By W‘ Kruger

Abstract: Calculations and test results are given sbout the
feed-power requirement of alrplanes with boundery-
layer control.. Curves and formulas for the rough esti-
mate of pressure-loess and feed-power requirement are
set up for the investigated arrengements which differ
structurally and aerodynamically. According to these
results the feed power for three different designs 1s
calculated at the end of the report.

Qutline: A. Purpoge of the investigations

B. General emerks on the feed-power requirement of
airplanes with boundary-layer conbrol

C. Feed-power recduirement for three different arrangement.s
for boundary-layer control which are structurally
posgsible

I. Suction in the landing-flap region, blowing in
the aileron region of the wing

IT. Blowing over the entire spen
III. Suction over the.entire span
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1r. quwinevoyer the entire span
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SYMBOLS AND DEFINITTONS
aerodynamic wing area of reference for force and
moment coefficlents, meters?

aerodynamic wing area of reference for the flow
coefficient ¢y, meters?

local flow crose section in the airplane, meters?

local flow cross section in the wing with suction
or blowing arrangement, respectively, meters?

local flow cross section in spar plane. meters®

local flow cross section at the locacion of air
s [}
expulsion, meters<

greatest cross-sectlonel eren of the Tuselcge,
mneters<

. flow cross section in the blower (—E (p2 - d2)>_ metears®

blower cross section (—’-‘- De); metarse

I
total flow quantities (m3/s)

flow coefficient (-%)

\ v
free-stream velocity (m/z)

locel flow velocity in the interior of the airplane (m/s)

free-stream stegnation pressure (kg/m?)

.span of the wing, meters

spanwise extent of ch_e fuselage, meters
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'-b2.'
. aspect ratio 7

geametrical ratic (—E—)

coordinate in direction of span, meters

AP

spanwisa extent of one*half of the wing with suction

or blowing, respectively, meters
inside or outside wing chord, meters

wing chord in the ‘region of the wing with suction
arrangement

wing chord in the region of the wing with blowing '
arrangement

mean wing chord in the region of wing with suction
or blowing, respectively

wing chord at the location of the blower, meters

outer diameter and hub diemeter, respectively, of the
blower, meters

helght of flow passing through the thiottling plane
in the wing with suction, meters

diameter of & circuler cross section equivalent to the
cross gsection of the interior ducting, meters

hub ratio of the blower equal to d/D

slot width on the wing wlth suction or blowing,
respectively, meters

profile thickness of the wing, meters

ae
friction coeff101ent

'roughnéés index. (according to Hitte I)' meters

drag coefficient for turn of ducting, Lhrottling,
sudden enlargement, diffusers :

dpy

- geometrical ratio (:;Eﬂ
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K3 geometrica.l ratio ( >

A@st difference of the static pressures in the
external flow at entrance and exit (kg/m<)

static-pressure coefficient -(-%?%)

Dot
G weight of the airplane. kilograms
\
Cqy 1ift coefficient ( ¢ )
a¥
“ a6
R Oy
n pressvre loss coefficient
el
| e
N(Ps) (German HP) feed power
cy feed~power coefficlent (ﬁ
aep
n blower efficiency
Tpye propeller efficlency
Subscripts: _ _
B wing with blowing arrangement
S wing with suction arrangement

A. PURPOSE OF THE INVESTIGATIONS

The possibility of using boundary-layer control for production
of high 1ift depende mainly on the question what structural, pressure,
and flow requirements wlll be necessary to obtain a certain 1lift
coefficient. The coefficients, cg and cCp, measured at the profile,
alone do not yield sufficient information in this matter since
in the flow through the airplane additional internal pressure losses
originate, the magnitude of which depends on the feeding capacity
and the flow conditions in the airplane. It does not seem possible
to offer a solution of the problem of feed power requirement which
would be valld for every design of the boundary-layer control
apparatus. Thus only a few differing designs shall be investigated
by celculations, which are partly supported by test results. The
purpose of the calculations is .only to give a swurvey of design
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requirements with consideration of the actuel three-dimensional
design relations of present aircraft types. The Tormulas for a
rough estimate and the work sheets for computation presented in
the sections C-I and C-II can give, for & preliminary design, quick
end sufficient information on the influence of individuel design
features on pressure and feed-power requirement. Since it 1s the
first and mein purpose of this investigation to give information
about the magnitude of the feed power, the problem of motive

power for the feeding apperatus will not be Furthoy discussed.

B. GENERAL REMARKS ON THE FEED-POWER REQUIREMENT OF
ATRPLANES WITH BOUNDARY-LAYER CONIROL

The mass of air used for boundary-layer control enters the
eirplane interior at the suction point S and leaves it at the
blowing point B. This way, in the ldeal case, no energy losses
will occur in the interior of the airplane. The pressure Jump
required of the feeding apparatus in this case is composed of
two parts, namely:

(1) The difference between the static pressures at suction
and blowing point: Dy = PStB - Psts'
p_2

(2) The loss of kinetic energy at the exit: Op, = 5 VA

The first amount is, for a certain position of the suction and
blowing point, dependent only on the flight stagnation pressure
end on the angle of attack, therefore, Ap. = cp t(a) a, whereas

the second amount is essentially influenced by the flow quantity
and by the design of the exit.

Thus the feed power in the ideal cape is:
N; = Q(Apgy + App) (m ke/s) (81)

Actually total pressure losses occur in the flow through the
airplane by friction and seperations which are in good approximation
proportional to the square of the internel flow velocity. Teking

power requirement then is:

‘the efficlency of the feed apparatus into consideration, the actual

N = % Q(Apgy + Apy + ADy)
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- with APA as ﬂBll as Ap, proportional to the. 1ocal etagnation

9_\

pressure

In the follow1ng calculation exit loss and Internal pressur
loss are referred to the stegnation pressure of reference

The total pressure losg 1s then set up in the form:

228 )

. o

(5]

In this equation F represents the aerodynamic wing area of

reference for the coefficient ¢

end n, & dimensionless pressure-

loss coefficient which permits a direct comparison of the individual
partial losses originated by the exit energy and by separations,
friction, and dlrectional changes in the flow through the wing.

Thus one obtains for the total pressure Jjump to be produced
by the feeding epparstus and for the requlred fsed performance

B(qy? 2) |
bp=cp . a+nb (?) (kg /m
_ - > (B2)
2
_ 1 P g} t
N = —= + n - Ps
o Aot t 2 (5) [ (9
If one equates according to definition: Q = cq v P and q = G
- c
ae -8
one can wrrite the equations in the form: '
' &
G _ [ 2 S2)
Ap = oo ca<%Pst + 1 cq ) (kg /m=)
. 5 (23)
1 /eg32 F
P
75n\/ oo P oo 1 .(’S) |
. °p cQ-+ n CQ3' .
where the Teed-power cosfficlent cy = st /, . The value
3/2 A
c

a
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Cp st is not identical with the valué .Cp - used in the publications

so far because it tekes only the 8itatic pressure in the external
flow into consideration whereas cp also conteins the throttling

losges at the entrance into the wing as they existed for the special
test wing. Cpgt " can be determined from the test va:Lue cIJ by

forming for Q = constanb the difference

¢ = fc, - C :
Pet ( P Prauct™ 0)Q=consta.nt

It p for vVauct = © 1s not measured, an estimate has to be
nade of the entrance losses.

The megnitude of the pressure-loss coefficient n depends on
the kinetic energy at the exit of air fed, and on the aerodynamic
merit of the flow ducts in the airplane interior and shall following
be calculated for several different constiuction types. The power

spent due to loemes
x -1 |32 ® ncgd
Vo Ton | Fae p Fae °a.3/2

increases with the third power of the coefflcient cq- A reduction
of the cq for a given cg, is therofore the more urgent the larger
n; that is, the worse the flow condltions in the interior of the
airplane and the higher the exit emergy. For a glven construction
type (n) of the boundary-layer apparatus the power increases
according to equation (B3} with the flight weight, the root of

the surface loading, the feeding power coefficient c3 end the
erea ratio F/Fae. In the case of suction or blowing over the
entire span F/F__ =~ 1.0. If one combines both kinds of boundary-

layer control, suction and blowing, in one constructlon, there becomes,

for c' = cQB, ‘_E‘L ~ 0.5, since the same alr quantlty is used for
ae

_suction end ‘blowing Thus this arrengement can be expected. to 'be

most fevcrable a8 concerns power requirements-

To give an idea of the xatio feeding power per tofal optimum
propulsive efficiency the following comparison is made between the
feed power and the gliding power at high speed:
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3
C 8o *+ D Ch
ps-b ) Q o

3/2
&

e 2 T
Fead er: N R g3
L9004 _DOWOr: TSn [ Fag P Fap .

Level flight power y . 1 je32 S (subscript
at_bigh spsed: °  TMp,{ Fae P Cy 372 S = high
5 speed)
{c o + 1 e\ /e, 3/2
N-B_P_gF(PstQ Qz)/a-
Ne n T (Bh)
ae 3 /2

Ng
Cug [ eg

From this equation one can determine for a project for which Ns’
Cwg? Cag B8re known, after estimating the eificiencies, what pressure -

loss coefficient n is permissible for a desired ¢ if

: &) anding
N/Ns is limited to a certain magnitude. The connection between
cg and cq can be taken from measurements at the profile. Since
the feeding power N for given structural conditions is, according
to equation BS}, proportional to the feeding-power coefficlent

"
c Ca + N Ch~
Pgy @ Q

e 312

Cz=

there exists for each apparatug with respect to the feeding power
an optimum ¢, which can be obtained from the characteristic curve
of the profile, if =n is known. For instance in figures 1 to 3
ca = £{cq) and ¢y = f(cg) is presented for the suction flap
profiles 23012, 23015, and 23018 which were investigated in
Gottingen(l). From the graphs one can see that cy and cQ/ca
have thelr minimum at about the same cg-valne. The cg-value

for which the foeding power coefficient becomes a minimum changes
very little with the pressure loss coefficient n. The cy-values

become the more unfavorable I1n deviating from the optimum c,,

the larger "n. Thus the improvement of cg-valueés for sercdynami-
cally bad flow conditions 1is a very costly one.

'Bebause of the gream importence of the pressure-loss coefficient
n for the feed-power requirement of apparatus with boundary-layer
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control following three different arrangements thet are structurally
possi‘ble are investligated:

(1) Compound arrangement: Suction in the la.nding-flap
reglon, 'blowing in the aileron region. Entire feeding apparatus
in the wing. : _ : :

(2) Blowing over the whole span. Entire feeding apparatus
in the wing.

(3) Suction over the whole span. ' Entire feeding apparatus
in the fuselege.

Either an axial blower or a Jet apparatus is provided for as
feeding spparatus. The calculations carrled out in the sections C-I
and C-II are supported by power and pressure -loss measurements on
two wings of &bout 7.0 and 4.0 meters, respectively, semispan =
with a bullt-in axial blower of 300 millimeters outer diameter.

C-I. FEED-POWER REQUIREMENT FOR SUCTION IN THE LANDING-FLAP
REGION AND BLOWING IN THE ATLERON REGION CF THE WING
{COMPOUND ARRANGEMENT)

Designations and arrangement of the apparatus can be teken
from figure k.

The flow cross sectlons at disposal in the wing interior are
deslignated with f, the areas of wing with suction or blowing,
for each case port and gtarboard together, with F.

The coefficient ) is referred to the entire area of the wing

with suction; therefore cq = -;Qi‘— = CQg”
s

The total pressure loss arising in the flow through the w:lng

is subdivided Into the :f'ollowing parts:

(l) Opg .. loss at the entrance into the suction flap slot.

(1) to (7)
internalAlosses

(2) tpp, loss caused by the throttling which ie necessary
for obteining uniform distribution of feeding
cepacity

53) Opps friction loss in the wing with suction
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Rh)~AgKrS turn of ducting - loss in the wing with suction

(5) app diffuser loss at the transition fram the feeding
apparatus to.the wing with bdlowing

turn of ducting - loss in the wing with blowing

(1) ta (7):
internal losses
A
@
5
e ]

(1) aprg friction loss in the wing with blowing
(8) App exit loss at the blow slot

The elght partial losses are compiled in table 1. The loss
mey be written in ell ceses: fp ¢ g 242y  w is the local flow

veloclity in the interior of the wing at the Tespective point.
By using appropriate area and length ratios and taking the defini-
tion Q = cQy ¥ Py 1nto consideration, all losses were referred

to the free-stream stagnation pressure. Then the expressions to
be found in the third column result for the partiel losses. The
dimsnsionless loss coefficlents _§ contained therein were taken
from the measursement (section D-I) on a wing of this special
arrangement. The pressure-loss coefficients n for the various
structural conditions in question can be taken from the curves
and nomogrems of the work sheetl for computation 1. The sum of
these partisl pressure-loss coefficients is a measure for the
magnitude of the total pressure loss in the flow through the
wing since Ap is, according to equation (B3),

2 T
@) o

The portions'which corfespond to the Triction losses (nRS’ nRB)

are to & slight degree dependent on the absolute magn;tude of the
wing. However, since the friction losses are generally very small,
this dependence can be neglected in first epproximetion and n

cen be assumed equal for all geometrically similer cases. In order
to obtain a clear view of the influgpce of the avea and length
ratios on the separate pressure-losd coefficilents, these latter are
following compiled for three trapezoidal wings with a taper of .

1:2 of the aspect ratio 5.0, 7.5, and 10.0. Theo maln area snd
length ratios of the three wings can be taken from figure 3.

o

Op = q-(cpSt + anE) o CPSt g+ n
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__ The following assumptions are made:

(1) Air duct through the wing according to arrangement I

(2) Rear sper position at ebout 55 percent of the wing
chord. ‘ . _

(3) Flap and aileron chord about 20 percent of the local
wing chord. : o :

{4) Area of wing with suction equal to area of wing with

(5) Air feeding by an exial blower of the hub ratio
o= 0.5- :
v

(6) Blower entrance cross section lles approximetely
25 percent of the spenwise extent of the suction wing toward
the fuselage from the point of division between the suction
and. blowing ducts.

(7) Alr duct chamnels in the wing interior with flat
sheet covering.

(8) Blower shall just disappear in the profile contour
{strask).

Under these aspumptions one obtaing from the work sheet for
computation 1 for the given conditions the following pressure—
loss coefficlents:
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_ Pressure-loss coefficient n
No. Partial losses A =5 A=T5 A =10
1 |np entrance loss o L
(s/t)g = 0.02 0.300 x 10" 0.30 x 10*{0.30 x 1ok
: .03 .130 .13 :13
.0l .080 .08 .08
2 Dy throttling loss .1_00 _ <100 »100
3 {Frlction loss suction
ving :
for 1 = 3.0 m}Yf .02 .0h .08
|Pes (0 s, = 30 3)
L Nes turn loss suction
‘wing .05 A3 .22
5 |np diffuser loes .36 .96 1.84
6 -nKrIB turn loss blow _ _
wing .03 .05 10
T gp friction loss
blow wing g .
(for Iy = 2-0m ) .05 .20 L
8 n, exit loss
(e/1)5 = 0.005 k.00 %.00 .00
<0075 1.78 1.78 1.78
.01 1.00 j1.00 1.00
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. For .custcamary .slot dimensions. of the. suction slot of .3 percent of

the chord, as they correspond for instance to the suction flap
profiles measured in Gottingen, there results as total pressure-
loss coefficient for various aspect ratios and blow slot widths:

A =5 A =15 A =10
n (s/z)]3 0.005 | 4.7k x 10% | 5.60 x 10* | 6.91 x 1ot
L0075 [2.52 3.39 4. 69
.010 1.7k 2.61 2.91

The dependence n = £(j, s/lB) is presented in figure 6.

One can see from thls dlagram that n and therewlth the power
gpent due to loss N, is to a very high degree dependent on the
slot-width ratio of the wing with dblowing and on the aspect ratio
of the wing. Besides the drawm-in curves for the total pressure-
loss coefflicient, the exlt loss also is drawn separately (dashed-
line curve). The share of the exit loss in the total loss increases
with decreasing slot-wildth ratio (s/Z)B. The difference between

Does and np indicates the magnitude of the internal pressure

losses. This latter is largely dependent on the aspect ratio.

For a customery blow slot of 0.75 percent of the wing chord the
feeding-power reguirement is almost twice asg large for A = 10

as for A = 5. This tendency was to be expected since with
increasing aspect ratio the disposable flow cross sections decrease
and the length of the flow path increases. Therefore the friction,
turn, and diffuser losses must increase strongly. A comparison

of the partial losses (fig. 7) for customary slot widths

(z = 0.03 and (_ = 0.0075 shows tha.t the exit and the

diffuser loss form the largest part of ths total loss, particularly
so for high aspect ratios. It is therefore essential for obtaining
smell feeding powers to keep these two losses small.

The exit loss is for & given c, dependent only on the exit

slot width. It is inversely proportional to the square of the
slot-width ratio. To keep it small that square would. therefore
have to be as large as poseible. However,‘accc"ding to measurements
on wings with blowing, the cQ-requiremanc for a given cgy

becemes in certain limits the smaller, the smaller (s/Z)B (2),
(3) If one wants to utilize this fact for the given arrangement,
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one has to reduce the ratio. Fgy/fp, since cq, Fs must equal

GQB Fg. Thereby n also changes. The feeding power for given

Cg 1is:
F
-~ B8 3
N 7 (cQ 'CPBt +n cQs )
ae
wherein
Fq cQ,
LB f(g_‘i>
ae \"9B /cg=constant
and

4

Due to the cqmplicated functional comnections a general solution is
hardly possible. It is more adventagecus to nerform numerically
the celculation for each case with varilous slot width ratios and

F

‘therewith various area ratios EE—-
' ' . Tae

The diffuser loss for a.given wing size depends easentlally on
the megnitude of the blower dlameter. Since this loss is inversely
proportional to the fourth power of the blower dlameter, considersable
gains in power can already be obtained by slightly raising the \
blower from the profile contour. In figure 8 tlie dependence n = fﬂ%-

: pYe:
is plotted for A = 5.0, 7.5, and 10.0, and for the elot-width ratioe
0.005, 0.0075, end 0.01. For instence for A = 7.5 and (%‘\) = 0.0075
\"B,

en Increase of the ratlo D/ZG from 0.1 to 0.1h reduces the power
gpent due to loss by one-half. Further increases no longer
yield any essential improvement. For high-aspect ratios it is
rerticularly important to select a large blower diameter. It shall
be pointed out once more thet the decrease of the presgsure-loss
coefficient n with increesing blow-slot width s/lp, as shown
in figure 8, by no means implies a corresponding decrease in power
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epent due to . loss: it _is Jmown from experience that the
cQ-rsquu'amant of the part which is the wing with blowing
for a certain c, increases with growing blow slot width and

that the pcwer spent d.ue to loss 1s proportiona.l to the product
3,
n cQ

Approximate equation. - According to the calculation exsmples
worked out so far, diffuser loss and exlt loss foxrm by far the

major part of the total loss- Since these two depend mainly on -%—
: G
and (%)B ) respectively , and the remaining losses » wnder the

assumptions 1 to T made at the begimning of sectionm C-I, on the
espect ratio, one can write for ni

ne=ny+np+np+ Opp tEF+R

- 21(8)g * 22(@A) + £3(8), + )

For trapezoldal wings of the taper of 1:2 one can then obtain
the following spproximation for n:

n,..(s) +h9(A—o9)2( u8>+12(3) + 102(A - 0.3)2

rapge of valldlty is, according to assumptions 1 to 7, at the
beginning of section C-I. _ ,

This approximeate valuve for n can be substituted into the

equations (B2), (B3}, in order to determine the pressure loss
and the power requirement.

The conditions beccme more faverable for a trapez'oidal wing
with rectangular center section and for the further case of a rear

: ; 1
spar position< 55 percent, a taper ratio 2 é]:’ .I.Ki-l- or 4i—°-< 0.2,

Fg < Fp, vrespectively, and of a hub ratio (%)< 0.5,

Since too large changes do not occur for moderate deviations
from the assumed values, the equations are suitable for a first
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rough estimate. More accurate velues can be obtaired only. with
the aid of the work sheet for computation 1.

'C-II. FEED POWER REQUIREMENT FOR BLOWING OVER THE ENTIRE SPAN

Designations and survey of the arrangement are shown in
figure §. The arrangement represents one of the many structural
possibilities and has, accordingly, to be considered as a special
case. -0Of course one could think of placing the blower or the Jet
apparatus, respectively, in the fuselage and to duct the air over
turns into the wing. This solution was dlsregarded here because
the fuselage offers only rarely sufficient space for the feeding
sppareatus.

) The flow croes sections in the interior of the wing are
designated by f, the area of the wing with blowing, port and
starboard taken together, by F.

The coefficient cQ ié reierrved to the entive area of the

wing with blowing; therefors, og = ogy = E%_ .
. Y B

The total pressure loss due to the flow through the wing is
subdivided into the following porticns:
(1) vy loss at the suction point
(2) App diffuser loss behind the blower
(3) Orgy, loss by sudden enlargement
(%) App exit loss at the blow slot

Total pressure loss and power requirement can be calculated for
this arrangement also according to equations (B&) and (B3), with

cp st = (?iﬁ)B - (?22)8' Since ;n this special arrangement the
suction point is subjJected to the full steagnation pressure and

since, @8 is known from experience, Eﬁﬂé ~ 0{2), Cpgy Decomes
. q
Cpst =~ ~1.0.

The four partiel lossee are compiled in table 2. The dimen-
sionless loss coefficients were gained by comparison with a
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measurement on this errangement. The results of this measurement
are glven in section D-II. - - - _

. The pressure-loss coefficient n for the various design
conditions can be teken from the curves of the work sheet for
computation 2. For the total pressure-loss coefficient one
obtains the expression: o : :

12 {
|

e, O )
N RN O]

One can see from this equation the dependence of the pressure-loss
coefficient on the structural cenditionms:

/ 1
mi la
n=7f Ei';) 'i'é": ]'5'\{’ ’;‘: gEJ {ps " Kis v

For normal cages the hub ratio of the blower becomes approximately

v = 0.5. The area ratio Ki = fspar/TG muet not be made too

large, in view of the fact that the diffuser has a rather good
efficlency, since the lengthe at disposal are small. For the
wing investigated the erea ratio was Kj = 1.25. The loss
coefficlents can be assumed, according to the measurement results,
fg = 0.1, Cp=0.5. The loss coefficient for the sudden enlarge-

ment at the exit from the spar plane lies, according to the measure-
ments between { = 1.0 to 1.5, varying with the throttling conditions
(distribution of feeding capacity) in the wing; the higher values

ere to be used for the case that additional throttling vanes are
built 1nto the wing in order to obtain a uniform distribution of
feeding capacity Mver the span. However, the distribution of the
feeding cepacity 1s even without additional throttlings quite
patisfactory. It appears jJustified to assume { = 1.2 if the blower
lies at about the center of the semigpan and { = 1.5, if it is
congiderably displaced with respect to the center of the semippan o

Following the pressure-logs coefficients for the wings repreéented
in figure 5 (A = 5.0, 7.5, and 10, 15/11 = 1/2) are calculated.
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b -
The blover shall-lle at 40 percent of the distance ——inSelese

measured from the fuselage. For sudden enlargement { = 1.2
will be used in the calculations: . . :

Furthermore: §E = 0.1 A | 5.0 7.5 10.0
ty =05
Ky =1.25 y/'l.mi 2.32 3.58 4.73
v = 0.5
| Zmi la .9k el .94

With these structural conditions one obtains for various aspect
ratios, blower diemeters, and slot widths the following pressure~
loss coefficients:




Y

A=10.0

A=17.5
n R

10" £ = 0.00 0.0075{ 0.010 | 0.005| 0.0075
0.08 33.60 0. 72.28 T1.50 |127.320 }125.10 12k.30 - -
.10 16.10 3. 30.68 29.90 54%. 50 52.28
121 9.90 15.78 | 15.00 | 28.40 { 26.18
Akt 7-15 9.30 8.52 17.10 | 1k.88
161 5.8 3.63 6.20 6.%2 | 11.72 9.50
.18 5.15 2.93 h.53 3.75 8.80 6.58
.20 k.76 2.54h 5. 3.59 2.81 7.16 h.94
.25 L.31 2.09 b, 2.52 1.7 5.20 3.08

LOTT *ON WL VOVN
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The graphs given in figure 10 show very clearly the immensely
strong influence of the ratio D/IG on the totel pressure-loss

coefficient, that is, on the power spent due to loss. Also for this
type of ingtallation the conditions grow worse with increasing aspect
ratio. The larger A, the larger D/lg has to be, if the power

requirement is not to inciease too much.

Rough estimete.- Similar to C-I, for this case also a rule-of-
thumb formula shall be glven; under the following assumptions:

QE = O-l
Trapezoidal wing ‘Za/li ==
g = la2 > y
Blower location at 40 percent of
v= ?.) b - bf‘usela.;ze
Kl=.I_E=l.25 2
e

one can write for the tohtal pressure-loes coefficient approximately:
1 \U 1 \b 2
~ 2{ ‘mi G (z)
~ 0. — — + &
n % 0. 6474 KzG ) (D) s

The equations (B?) end (B3} can be used Tor celculation of
the pressure locs and of the power requirement. For rough estimates
the approximative value for n is fully sufficlent.

Result.- The construction type IT "blowing over entire span"
according to figure 9 shows for the case considered where the

blower shaquld disappear in the profile conbtowr (-17:-)—): 0.12 that
G

for equal cq essentially larger pressure losses result than for
arrengement I. For (%) = 0.0075 and A = 7.5 the pressure-loss
ccefficient n of arrangeﬁent IT equals ahout lky7 times the one of
arrangement I. The pressure loss 4Ap = qi?Psf + 1 CQ2: i, in spite

of the worse aercdynamic conditions for arrangemsnt II, not increased
to the same degree as for arrangement I, because, according to the
measurcments made so far, the cq-requirement for equal c, can be

kept somevhat lower for blowing than for suctlone

a.
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ratio Cqn/°Q would have to be reduced to about O.L (for equal ¢
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According to equation (B3) the power requirement. is
¢ Cq + 10 cp3 :
Poy, > v S

N~ , .
- 2
ae .“a3/

b (b

the net power spent due to loss 15 therefore
| . 1 cn3
2o cg3

If one as an approximation neglects the part covered by the fuselage
one obtains for the powers spent due to loss for equal cgt

Case I: Ny~ lc ny CQS3
14 _Eg
CQB
Cagse II: NVII ~ 1 nII Q 3

)
N#I

In figure 11 the ratio of the powers spent due to loss N&II/N%I is
presented as & function of cq foq end n II/n I. Thus the capacity

8?2
for instence for n II/n I=U4.7) in order to make the powers

spent due to loss in the two cases of installation I and II equal.
Ratios of such smallness have not been reached so far. According

to the measurements teken so far, only for oc,-values which are

larger than 3.5, blowing will yield a greater mass of alr than
suction. The feed-power requirement for arvangement II cen be
reduced essentially only by the use of lazge ratios "blower diemeter/
wing chord at the locetion of the blower:' If one would succeed

in Installing simulteneously the feeding blowers into the exiating
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necelles of the motors of & multionmgine ealrplane cne would achleve
many advantages at the same time. Nemely:

(1) Large bPlower diameters and therewith smaller losses

(2) Eventual use of the feeding blower as blower for
cooling in flight without suction

(3) No esdditionel weight for motor of the feedlng blower
(&) The feeding power is at disposal *

The following circumetances constitute the difficulties of such
a tyre of comnstruction: .

(1) 2ir duct from the blower to the wing should be as
far as poesible frece of losses.

(2) The blower must operate at a larger rm than the
propeller. A gear tiranamission is necessary.

C-IIXI. FEED-POWEE REQUIREMENT FOR SUCTION OVER THE ENTIRE SPAN

The arrengement represented was invegbigated in figure 12 in
the same way as arrapgements I and II; for thls arrangement the
alr guantity obtained by suction at the wing is fed by a feeding
apperatus installed in the fuselage and is blown out in the rear
parb of the fuselage surface. Since the blower is lInstalled in
the fuselage and, besides, a conslderable part of the fuselage
volume mvst be used as air duct, storage space is lost. The
apparetus is therefors hardly sultable for use in airplane
conatruction (aside from special cases of test engines). Presen-
tétion of the calculation is therefore cmitted. In section E
the power requirement of the arrangement III for a special airplane
g it results from the calculations cmitted here is given for
comparison with the arrengements I end ITI.
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D~I. MEASUREMENT RESULTS ON PRESSURE LOSSES AND POVER REQUIREMENT.
 ARRANGEMENT I, COMPOUND ARRANGEMENT. "SUCTION IN THE FLAP REGION,
BLOWING IN THE ATLERON REGION"

A. Purpose of the Inveastigation

B. Model Desvcription and Test Procedure
C. Test Results
A. Purpose of the Investlgation

The connection between feeding quentity, pressure loss, and
power requirement is to be established for & wing with boundary-
layer control where suction of air is applied in the landing-flep
region and blowing in the aileiron region. Furthermoire, it has to
be Investigated whether for the selected arrangement of the blower
and the Jet apparatus, respectively, a satisfactory dilstribution
of the suctlon and blowing quentity along the span can be obtained.

B. Model Description - Test Procedure

The data for the construction of the test wing were taken
from the dimensions of a wing with boundary-layer control for high _
1ift production planned by the firm Arado - Flugzeugwerke, Brandenburg.
The dimensions of the test wing can be seen from figure.l3. The
feeding of air was accomplished by & two-stage axial blower of
300 millimeters outer diameter, the characteristic of which can be
seen from figure 1lk4. (’+) The blower was driven by an electromotor
of 40 kilowatts power at lLOOO/minud:e with pendulum type of bearings
over a blower (sic') of the transmisslion ratio 132. For reasons
of experimental technique an inclination of the blower shaft with
respect to the rear spar plane by T7.5° was required as can be seen
from figures 13 and 15. The mein area and length ratios of the wing
~are ag follows:. oo '

8\ = 0.018 for 1,80 (.mé) = 0. 752
<1> 032 a . €00

(%)B - 0.008 o v -(..> =

4.
——E—x: = . = .
( > )s 0.18 Fg /FB 1.20
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_ -,
K, = < = 0.20 F /"B = 1.36
1 4, . o Bl 9
(3/1y;). =135 X, = £ /1% = 0.0235
. 2 -
zmiF/ZG = 1.00 K, = £5/1° = 0.0210
»2
D/1g = 0.13 A =2 = 1.6
YN\ e 1.2 1. =2.31m
( O)B Smi
ZBnli = 1067 m

For determination of the feedlng capacity the velccity profiles

in the suctlon flap slot were measured. The integration of the
velocity over the span of the suction part of the wing and over

the slot width yields the feeding capacity. The results of this
meazurement of capacity were in good agreement with a numerical
determination of the feeding capacity from the mean static pressure
in the wing with blowing and the blow slot area. In order to

obtain a favorable disgtribution of the feeding capacity along the
span of the suction part of the wing a throftling vane was arranged
closely behind the suction slot (fig. 15); +the height of the opening
through which the flow pasgses could be regulated in such & manner
that approximately equal guentities entered referred to a unit of
spen length. The pressure Jump of the blower was measured with

total pressure tubes which were distributed over the entrance and
exit cross section. In order to determine the distribution of the
feedling capacity on the wing with blowing the total pressure distri-
bution in the exit Jet was measured on the multiple-tubed mancmeter
with the ald of a pressure rake; from the total miessure distribution
the local velocity profile was calculated under the assumption that
the static pressure in the free Jet equals zero. .The power at the
motor shaft could be determined by measurement of the torque and

the rpm. Friction power of shafts and gears were measured separately,
with the blower disconnected.
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C. Test Results

(1) The cq-distribution elong the span of the suction pert

of the wing can be made approximstely uniform with the ald of the
throttling vene installed behind the suction flap slot. Even
without this additional measure it is better than could be expected
for the mfavorabls installation. Figure 16 shows the course of

Erx;' along the span of the wing with suction for the case g"
without additional throttling and for "b" with the most favorable
throttling with respect to the distribution of the feedlng capacliy.
The ratios pertinent to the most favorable distribution of feeding
capeacity (%) are algo plotted there. Therefore for this wing
y

the free-stream cross section at dlsposal along the span of the
suction part of the wing must be reduced to about one-half in

order to meke the cg~distribution uniform.

(2) The  cg-distribution on the wing with blowing (fig. 17)

shows very strong variations along the span, which are, however,
caused by & faulty construction. The spaces bebtween the minima
correspond rather accurately to the rib spacing of the test wing.

If one draws in a mean value - curve, there results for all investi-
gated diffuser arrangements a slight increase of the CQ-values

toward the outside, which appears favorable with respect to

gtebility. The retio % (slot wiath/wing chord) was not exactly
the same, as can be seen - from figure 17. According to the results

of new tests the variations in the cQ-distributiQn can to a
great extent be eliminated if the ratio % is everyvwhere the

same and diffuser and blow slot are properly designed.

(3) Power at_the blower shaft. The connectlon between feeding
capaclty, totel pressure Jjump of the blower, and power at the blower
shaft for the flap angle fgy = 48° 1s represented in figure 18.

The power 1ncreases in good approximation with the third power of the
feeding capacity. For the meximum feeding capacity of Q = 3.35 m3/s
there results as power requirement &t the blower shaft NCW = 31 FS

(German HP) and & total pressure Jump Apges = 520 kg/m . Under
the assumption that no losses at all occur at the entrance end in

the flow through the wing eand that the required pressure head is
merely the kinetic energy of the Jet leaving the wing, there would
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result s minimum power requirement at the dlower shaft:

Q ag¢p
(] Moloweryy

min -

(with gty = stagnatlon pressure of the Jet leaving the wing)..
The ratio '

N, = Nﬁinimug
Q

Nactual

represents a factor of merit of the arrangement which becomes the
larger the sweller the internal pressurc losses and the larger the
ratio actual/greatest possible blower efficlency.

For this factor of merit one obtains with £ = 0.0474 m°,

blow slot

nblowermax = 0.8 the following values from the measurements:
R Now Ninimum = Mnindmim

(m3fs: | (%) (ps) 10 ® Nootual
1.02 0.76 0.49 0.6
1.53 2.40 1.56 .65
2.03 5.93 2.88 .65

. 2-11-6 11'31 6087 061.
2.88 17.87 1110 : .62
3035 31-18 17'2*2 l56

One can see that on the average #0 percent of the power actually
required wovld have to be expended also for the ideal case without
internal losses. :

(4) Total pressure losses. From the mean velues of the total
pressurcs immediately ahead of the blower there results the dependence
of the mean totael pressure loss on the feeding capaclty which 1s
represented in figure 18. For a feeding capaciiy Q = 2.46 m3/e
the mean total preasures in the throttling vane plane, in the exit
cross section of the diffuser, and in the intexlor of the wing with
blowing were also measured. In the following table the separate
partial losses are complled. Since according to the calculation,
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perfonmed under c-I Apges
= 0, for the test the follbwing will be true:

q_(cp st P CQg 2) end in this case

¢
Pat

. B 2 2
OPges = 1 B °q '%(%) »

The partial losses are therefore represented in the dimensionless
fann
A‘Pges = n-% C%)

with the value n according to definition in agreement with the
value calculated sudb section C-~I.

n = 80
R/Q
Test valugs E(F) Partial loss
. f Op(kg/m©) : as percentage
No Partial loss | % = 2.u6|. o of the total
(n3/s) 1o
1 | Mean loss up to the )
throttling vane plang 25 0.345 x 10* 8.9
2 | Loss in the wing
with suction, from
the throttling vene
plane to the blower 20 271 7.2
3 | Blower exit loss.
Blower to diffuser
exit 40 +555 ik.3
4 |Mean loss in the
wing with blowing i e) 140 3.6
5 |Kinetic energy of
the Jjet leaving the
wing (= mean stag-
nation pressure) 170 2.355 60.7
6 | Residual 15 .208 5.3
Total loss 280 3.88 100.0
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The residusal given in 6 comprises those pertial losses which
cannot be determined with certainty and also an additional amount
of kinetic energy of the Jet leaving the wing which is caused by
the uneven cQﬂdistribution on the wing with blowing. The

compilation ghows clearly that mainly exit loss and diffuser loss
meke up the total loss as already mentloned in section C-I.

In order to obtain generally valid dimensionless drag coefficients
for the calculation performed in section C-I, the separate partial
losses were given in the form Ap =¢ £ Wiocales In the following

table the partial losses measured for Q = 2.46 m3/s are plotted
end according to them the equations used for computation and drag
coefficient selected in such a mamner that the results of calculation
and measurement agree (designations as in table 1).




TNo-. Toss Formulation of the ec_j_uation used for Drag Calculation Ap Measurement
computation coefficient (kg /m=)
= 2 { =
1 |Entrence up tol&pp = (& g-WE QE = 1.2 26 25
throttling :
vane plane
2 1Loss in the
throttling |Apy. = g, £ W2 {pp = 1:0 6
vane plane
. pye Js = =
3 | Friction in APRS =M EVWg k=5m=
. the wing 2 Ders roughness _
with 1 g \0-31k . |measure L 20
suction Am s (== 3 Derr ='\/"fS
21D el - acc. to
10 eff Hutte I
4 | Turn of
ducting- _ oy e ¢ _ o
loss in the | “Pkrg = gKI'S 5 Vs " Krg 0-5 *
wing with
suction
5 | Diffuser loss o
at Junction| Ap =§ B (w -V C = 1.1 L0 40
blower - D Do | mex °B D
wing with
blowing

LOTT *ON WL VOVN
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Formulastion of the equation used for Drag Measurement
Yo. Loss
computation coefTicient | Catcvlation Ap (kg/o®)

6 |Turn of
' ducting~ ( 2

loss in Ap =, BVW_° . = 0ok 12

the wing KI'B KI‘B e KlB

with

blowing a5

' (with)resi-

dual
b

7 [Friction tn  |Apy =2 2W 2 ‘B

the wing > %8 Deff

with ) k=5n 10

plowing r =L ( K\ £2 =i/£”]3m1

efl g
102 \Dere fx

8 |Kinetic eneray ' o

in the Jet |Opy = B Wy 170 170

for blowing 2

Svms 280 280

LGIT "ol WL VOVH
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~ The drag coefficients of this teble agree satisfactorily with the
valucs measured on single turns of ducting and diffusers and vere
taken as bagis for the general calculation of the section C-I.

D-IT. MEASUREMENT RESULTS ON PRESSURE LOSSES AND POWER REQUIREMENT
ARRANGEMENT TI. BLOWING OVER THE ENTIRE SPAN

These measurements wvere carried out by W. Schwier -~ AVA -
by order of the firm Messerschmitt A. G., Augsburg, and were not
published so far. Here only the main resulte vhich are of
interest in this connection will be given.

A. Model Description and Test Procedwre

The teet wing is a half wing of 4.20 meters semispan which
is furnished with a continuous HP flap. ZFor the feeding of ailr
a two-stage axial blower of 300 millimeteirs outer dlameter and
hud retio 0.5 is installed. The essential arrangement of the
blower can be seen from figure 9. The ratio dlow slot width/wing.

chord remeins constant along the span and is £ = 0.008. The

1
main length and area ratios are the following:
g
y/zmi = 2.68 Kl = -fz = 1.25
L / Ig = 0.9k .
D/l = 0.18 Reer spar locabed at 5Q percent
G
chord
v o= 0.5
& « 0.008
§ = 0:00

The feeding capacity was calculeted from the static-pressure
decrease in the blower entrance croes section. By means of
throttling and guiding vanes in the wing a sufficiently uniform
cq -distribution along the span was obtained. For determination

of the dlstribution of the feeding capacity at the blow slot the
velocity profiles of the Jjet leaving the wing were measured with
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the aid of & total pressure rake. The pressure rise of the blower
could be measured on static-pressure holes ahead of and behind the

blower.

B. Test Results

(1) The cp-distribution along the spen is even without any

gulding vanes quite favorable. Additional instellation of throttling
end guiding venes improved 1t still more.

(2) Total nressure loss. The pressure loss increases in good
approximation as the second power of the feeding capacity. The

values measured for a feeding capacity oiff Q = 3 m3/S were:
405 (1cg )
470(ke /m2)

i

Without throttling venes Op

With throttling vanes . Ap
The exit loss alone amounts to 220 kg/m°.

"In.the calculation performed upder C-II thin total ypressure
loss is subdivided into the four partial losses:

A}@ entrance loss
Opp diffuser loss behind blower
APexp loss by sudden expansion behind the rear spar

Opp exit loss

Tor these partial losses the equation used Tor computation contained
in table 2 is made. Since the parvial losses were not measured

separately, the loss coefficient { = _..93.’._-2- had to be

estimated. For Q = 2 m3/s calculation and measurement agree
well with respect to the magnitude of the presswre loss if one
selects the following valuves for ¢{:
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'§E = 0.1
tp=0.5

4 oxp. = 1+0 Tor the case withoub guid.ing and’
P throttling venes

= 1.5 for the case with guiding and throttling
vanes _

These values arc altogether probable.
For the measured feeding capacity Q = 2.0 m3/s one obtains

with the estimated loss coefficients the following portioning of
the total loss:

Percentage of
the partial
)| Ap(ke/n?) loss contri-
for @ =23 buted to the
Flow cross (m3/s) total loss
No, | Loce | Formulaetion | section
(m?) Withoutj WVith Withoutj With
guiding] guiding| guiding} guiding
vane vane vane vane
P 2 _
1 | Apyp EE—éwE fy = 0-071} 11.0 | 11.0 3.0 2.5
2
2 | Apy QD@WG-&JHE) fo = 0.053
35.5 355 9.0 7.5
fgy = 0.066
3 |BPgyp Qg WH2 fp = 0.066[129.0 {194.0 32.5 42.0
bsp, | Ew, £ = 0.0505220.0 |220.0 | 55.5 | 8.0
Op Calculation 395.5 {4€0.5 |(100.0 }100-0
Ap Measured 405.0 - {470.0 :
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E. COMPARISON OF THE THREE ARRANGEMENTS WITH THE ATD OF AN EXAMPLE

Following the pressure-loss coefficienlt and the feed-power
requivement are calculated for a certaln alrplane to obtain a
clear picture of the proportions of the investigated three arrange-
nments to each other.

For all three arrengements the following common assumptions
arc made:’

(1) Trapezoidal. wing, taper 1:2 aspect ratio 7.5

(2) Thickness ratio at the root 18 percent, at the tip
10 percent

(2) For flows in the direction of the spar only the
space behind the rear spar is at disposal

(4) Slot width ratio (..) 0.03, (é) = 0.C075
2
(5) Flow ducts are provided with flat sheet covering

(6) Feeding of the air takes place through an axilal -
. “blower of the hub ratio (d/D) =v = 0.5, efliciency TO percent

Por arrsngement I it is assumed:

FfFfoe = 0.435 ep = 2.0

Arrangemeht II: : F/Fae = 0.9; p N ==1.0
: 3

i
o
\O

“we
2
i
n
o

Arrangement III: .F/Fae =

The length and area ratios, respectively, decisive for the
magnitude of the pressure loss are:

For arrangement I: D/1g
For arrangement II: D/lG (zmi//zG = 0.94)

For errangement III: fGa//fRQ, £4 /250
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~ The interesting velues (pressure-loss coefficient and feed
power) are calculated for all three arrangements as functions of

the values above which can be changed erbitrerily; for arrangements

I and II from the rule-of-thumb formulas of sections C-I and II,

for errangement III from the results of the celculatlon not published

here.

Arrangement I Arréﬁgement II
D/t 1/10t n D/1g 1/10% n
0.08 12.18 : 'o.08 T1.0

.10 5. 4 : .10 30.2

.12 3.38 .12 15.5

.1k 2.71 14 9.2

.16 2.50 .16 6.1

.18 2.50 .18 k.5

: .20 3.6

Arrangement IIT

1{_
1/10% n
Fe /fR@
a
F F
.Aé=o.2 i;:oh ?ﬁa=o.6 %-08
Fp FR Fr FR
0.1 7.2 6.6 6.4 6.4
.2 3.0 2.3 2.2 2.2
.3 2.1 1.6 1.5 1.5
b 1.9 1.3 1.2 1.2
.5 2.0 1.5 1.4 1.4
.6 2.2 1.7 1.6 1.6

According to equation (B-3) (section B) the power required
is proportional to the feed-power coefficient cy &and the area

ratio FfF,, thus:
~F'cPsth+an3 .
Fae . Fae °a.3/2 tors
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It 1s assumed for this comparative celculation that for
obtaining & cg = 3.5 for suction.and blowing a choéal 0i015

is necessary wvhich sbout corresponds to the hctual conditions
mccording to the preseht state of high 1ift reseerch.

Then one obtailns the following numerical values for the

expression c-,,e P f}i— €y which 1s directly proportionel to the
- ae
feed power required

=1 [ad
TNV F e Fae |

1 i
D = F D F
- (e} bl e i ¢ ] - c s] = C
la Yorr ~ F . U g lorr Tao ©
0.08 0.030k ' {0.08 0.327
.10 <0147 .10 ) .138
.12 . 0099 .12 . 070
<1k . 0084 14 .0h1
.16 .0079 _ W16 .026
.18 .0079 .18 019
o .20 <015
LTI -
= F - -®
®lerr = F °1 TR _
ae 0.2 O.k4 - 0.6 0.8
0.1 0.0375 | 0.0347 | 0.0338 | 0.0338
.2 .0180 .01L48 . 0143 .0143
fae .3 .0139 .0116 .0111 L0111 .
e b . 0129 .0102 . 0097 . 0097
R .5 <0134 0111 | .0106 .0106
6 .0143 0121 .0116 .0116
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In figures 19 and 20 cl £t =_—E— ¢y for the three arrangements

is plotted es function of the ‘decigive lengfh and aresa ratios. One
can see from. this example that the feed-power requirement for all
three types of construction can.be made ebout equal 1f one only
provides sufficiently large flow cross sections. .For equal feed-
power requirement the construction type I (compound action) is
clearly superior to the two other types since the space behind the
rear spar is usually available end since no essentlal disturbances
of the inner construction or of the outer shape of the airplane are
cauged by the installation of'the boundary-layer epparatus.

Figure 21 shows the feed-power requirement per unit. welght |
(PS German HP/xg) as function of the wing loading and the
structural conditions for cg, = 3.5 and cq = O 015. The curves

are valid under the assumptlone nmade at the begimning of seotion E.
The specific feed power can be calculebed from:

D ]

N_1. /62
G o ‘Fae o lerr

F. SUMMARY AND DEDUCTIONS

The results of calculations and measurements with respect to
the power requirement of sirplanes wilth boundaiy-layer control are
given. It is shown that of the investigated, structurally possible

arrangements.

I. Suction in the lending-flap region, blowing in the aileron
region

IX. Blowing over the entire span
‘ITT. Suction over the entire span

arfangement I is superior to the other types of construction. In
general, one may for all types of construction assume that the feeding—
capacity coefficient cq required for a certain Cg DPlays the

main part for the power requirement and the pressure loss,

respectively, wherees the pressure coefficlent Cﬂst which
covers only the difference of the static pressures at the suction
and blowing point is of lesser importance. For all three cases it

is very importent for obtaining small feed powers to make the
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narrowest cross section of the feed apparatus (blower or Jet
apparatus) as large as possible since the kinetic energy of the
‘flow at this location 1s lost to a great part. The construction
type I offers the great advantage that the entire arrangement
(feed apparatus and air ducts) is installed behind the rear spar
of the wing structure whereas for the type II spar perforations
are necessary and for type III a part of the loading space in
the fuselage is lost to flow ducts.

Translation by Mary L. Mahler
National Advisory Committee
Tor Aeronautics
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Formulation for the

FOR CALCULATION OF THE PRESSURE LOSS COEFFICIENT

n =

Loe caleulstion Sketch Genera L form Test val Pressure loss coefficient n
W,
e |1 fud /cl a fe(4); oz | i)
Entranc
F . .
o | fordvor m 93 §or (Reglils) ):?,.10: "orfor (a3 ;)
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Formulation for the
calculation

Pressure loss coefficient n
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FOR THE CASE

S

OF INSTALLATION IT [Blowing over the entire span according to figure 9]
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Figure 17.- Distribution of feeding
capacity and slot width ratio along
span of the blowing part of the wing.

Figure 18.- Test wing of the arrange-
ment I (compound arrangement),
connection between feeding capacity,
total pressure loss, and power re-
quirement at the blower shaft.
Measured at rest (v = 0).
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Figure 19.- Effective feed power co-
efficient cz = 5N as a
eff G32
FaeP

function of the ratio “blower
diameter/wing chord at the location of
the blower” for c, = 3.5. Trape-

zoidal wing of the aspect ratio 7.5,
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Figure 20.- Effective feed power co-
efficient as a function of the structural
cross section conditions for ¢, = 3.5,

construction type III (suction over the
entire span). Trapezoidal wing of the
aspect ratio 7.5, taper 1:2, hub ratio
of the blower v = 0.5.
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